Abstract. We investigated the effects of treatment with tranilast on vascular and metabolic dysfunction induced by a high-fat emulsion intragastric administration. Wistar rats were randomized to receive water or high-fat emulsion with or without tranilast treatment (400 mg/kg per day) for 4 weeks. Insulin sensitivity was determined with a hyperinsulinemic-euglycemic clamp experiment and short insulin tolerance test. Vascular reactivity was evaluated using aortic rings in organ chambers. Glutathione peroxidase 1 (GPX1) expressions, eNOS phosphorylation and activity, MCP-1, H 2 O 2 formation, and NO production were determined in vascular or soleus tissues. Tranilast treatment was found to prevent alterations in vascular reactivity and insulin sensitivity and to prevent increases in plasma glucose and insulin noted in the high-fat emulsion-treated rats. These were associated with increased antioxidant enzyme GPX1 expression, eNOS phosphorylation and activity, and NO production, but reductions in H 2 O 2 accumulation. Moreover, tranilast preserved GPX1 expression in palmitic acid (PA)-treated endothelial cells with a consequent decreased ROS formation and increased eNOS phosphorylation and NO production. Therefore, oxidative stress induced by a relatively short-term high-fat diet could cause the early development of vascular and metabolic abnormalities in rats, and tranilast has a beneficial effect in vascular dysfunctions and insulin resistance via preserving GPX1 and alleviating oxidative stress.
Introduction
Atherosclerosis (also known as arteriosclerotic vascular disease) is a chronic inflammatory response to high fatty materials such as free fatty acids, cholesterol, and triglyceride, leading to plaque formation and hardening of the arteries. Dyslipidemia associated with the metabolic syndrome is one of the most important risk factors associated with atherosclerosis apart from smoking, hypertension, diabetes mellitus, and other causes (1) . The possibility of retarding human atherosclerosis or even inducing its regression is one of the present therapeutic challenges. Endothelium is an impermeable inner covering of the blood vessels and its integrity is important in restraining leukocyte adhesion, inhibiting inflammation, and supporting the vasculature during hemodynamic stresses and oxidative stress (2) . The endothelial function status represents an comprehensive index of both the primary cardiovascular risk factor burden and the sum of all vascular protection factors in any given individual (3) . Endothelial dysfunction, characterized by reduced NO bioavailability and increased oxidative stress, is regarded as an early critical event in atherogenesis (4) and precedes development of clinically detectable plaques in the coronary arteries (5) . It is also considered an important event in the development of micro vascular complications in metabolic syndrome (6) . Currently, lowering serum lipids using statins is the primary treatment to preserve the endothelium. However, the development of new pharmacological drugs that affect multiple targets such as oxidative stress and inflammation may provide better protection against atherosclerosis.
Tranilast Alleviates Endothelial Dysfunctions and Insulin Resistance via Preserving Glutathione Peroxidase 1 in Rats Fed a High-Fat Emulsion
Tranilast, N- (3,4-dimethoxycinnamoyl) anthranillic acid, is used as an anti-allergic agent primarily to treat allergic diseases such as bronchial asthma, atopic dermatitis, and allergic rhinitis (7, 8) . Tranilast exerts antiinflammatory and anti-angiogenesis effects via inhibiting expression of TGF-b, MCP-1, and antigen-induced IL-2 lymphocyte responsiveness. It also has a certain antioxidant activity (7) . Intriguingly, recent studies suggested that tranilast has cardiovascular-protective effects. Matsumura et al. (8) suggested that tranilast suppresses atherosclerotic development in Watanabe heritable hyperlipidemic rabbits. Saiura et al. (9) demonstrated that tranilast suppresses transplant-associated coronary arteriosclerosis in a murine model of cardiac transplantation. Moreover, tranilast was considered as a novel weapon against insulin resistance (7) . Despite its increasing clinical use and potential importance, little is known of the underlying mechanism of its anti-anthrogenic properties.
Oxidative stress is a potent pathogenic mechanism in atherosclerosis (10) by promoting cellular injury, mitochondria dysfunction, and apoptosis (11) . Antioxidant glutathione peroxidase 1 (GPX1) represents the pivotal antioxidant enzyme in vascular endothelium and exerts a protective effect against the presence of coronary artery disease (12) . GPX1-deficient mice have endothelial dysfunction and abnormal cardiac function after ischemia/reperfusion injury (13, 14) . So far, few studies have been conducted to elucidate the regulatory role that tranilast may play on protecting tissue antioxidant defensives and endothelial function.
Therefore, in the current studies we have examined the protective effects of tranilast in endothelial cells against high-fat diet / high FFA-induced cellular oxidative stress. Our major focus is to determine whether tranilast i) promotes the expression of antioxidant enzymes that can detoxify toxic free radicals, ii) executes it protective effects through the eNOS/NO pathway, and iii) preserves endothelial functions. The results of the present study provide further evidences for a functional role of tranilast in endothelial cells in relation to the prevention of atherosclerosis.
Materials and Methods

Materials
Rabbit polyclonal phospho-eNOS (Ser1177) was purchased from Cell Signaling. Rabbit polyclonal eNOS antibody was obtained from Abcam. Anti-MCP-1 and mouse monoclonal actin antibodies were obtained from Chemicon International, Inc. (Temecula, CA, USA). Tranilast, palmitic acid (PA), PEG-catalase, and BSA were purchased from Sigma (St. Louis, MO, USA).
Horseradish peroxidase-conjugated anti-rabbit and antimouse secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Insulin was purchased from the First Biochemical Drug Company (Shanghai, China).
Preparation of fat emulsion
High-fat emulsion (HFE) diet was prepared as previously described (15) . A constant volume of 100 mL fat emulsion containing 20 g lard, 1 g thyreostat, 5 g cholesterol, 1 g sodium glutamate, 5 g sucrose, and 5 g saccharose; 20 mL Tween 80; and 30 mL propylene glycol was prepared by adding distilled water and stored at 4°C.
Animals
Male Wistar rats weighing 180 -220 g, 6-week-old, were obtained from Department of Animals, Shandong University. Animal studies were conducted using protocols approved by the Animal Care and Handling Committee of Shandong University. The rats were individually housed in a light-controlled [12-h (light) / 12-h (dark) cycle starting at 0600 h] and temperature-regulated (20°C -22°C) space. The animals were allowed to acclimate to their environmental conditions and diets for 4 weeks before the experiments were initiated. Sixty Wistar rats were randomly divided into the normal control group and HFE group, 30/group. Rats in the normal control group received common water; rats in the HFE group were orally treated with the HFE (10 ml/kg) once per day for 4 weeks. At the beginning of diet intervention, one subgroup of water-treated rats (n = 15) and one subgroup of HFE-fed rats (n = 15) received tranilast by oral gavage at a dose of 400 mg/kg per day for the duration of the diet. The other subgroups of HFE-fed (n = 15) and water-treated (n = 15) rats did not receive tranilast, but were treated with the vehicle (0.2 mM phosphate buffer saline) by oral gavage. Body mass and food intake were recorded every 2 days.
Tissue collection for in vitro studies
The overnight-fasted rats were anesthetized with sodium pentobarbital (75 mg/kg, i.p.) and had their soleus muscles rapidly dissected out, weighed, and immediately processed for GPX1 protein assays and oxidant level measurements. The thoracic aortas (from the diaphragm to the aortic arch) were removed and cleaned of blood and surrounding adipose tissues. The vessels were either snap frozen and stored at −80°C or immediately processed for in vitro vascular reactivity studies. Visceral fat mass was assessed by weighing the total perirenal and peri-epididymal adipose tissues after dissection.
Glucose, insulin, triglycerides, and nonesterified fatty acids (NEFA) measurements
Plasma glucose concentrations were measured by the glucose oxidase method (16), using a Beckman glucose analyzer (Beckman Instruments, Palo Alto, CA, USA). Insulin levels were determined by radioimmunoassay (RIA) with porcine insulin standards and polyethylene glycol for separation (17) . Plasma triglycerides were assayed by an enzymatic method (18) , with a commercial kit from Roche Diagnostics, Ltd. (Shanghai, China) that allowed correction for free glycerol. Plasma NEFA were measured with commercially available kits (Wako Chemicals, Dallas, TX, USA).
Measurement of endothelium-dependent and endotheliumindependent vasorelaxation
The effects of HFE diet and tranilast treatment on vascular reactivity were evaluated in vitro using aortic rings in organ chambers (PowerLab; AD Instruments, Colorado Springs, CO, USA) as described previously (19, 20) . The aortic rings were allowed to equilibrate for 1 h in a Krebs-Henseleit physiological solution containing 25 mM NaHCO 3 , 1.18 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 1.18 mM MgSO 4 , 118 mM NaCl, 4.7 mM KCl, and 5.5 mM glucose. The arteries were then constricted in a high-potassium Krebs solution containing 18 mM KCl and re-equilibrated. The baths were then rinsed 3 times with Krebs solution followed by equilibration. Subsequently, the aortic rings were constricted with 10 −6 M phenylephrine (Sigma). To ensure the endothelium was functioning, the endothelium-dependent dilator responses to 10 −5 M carbachol (Sigma) were obtained while the rings were constricted. After washout of the carbachol and phenylephrine, a cumulative dose-response curve to phenylephrine (10 −9 -10 −5 M) was obtained. To assess endothelium-dependent and endothelium-independent vasorelaxation, the aortic rings were constricted with phenylephrine (10 −6 M), and cumulative relaxation curves to carbachol (10 −8 -10 −4 M) and then to sodium nitroprusside (SNP) (10 −10 -10 −7 L, Sigma) were quantified.
Cell culture and transfection
Rat aortic endothelial cells (RAOEC; Cell Applications, San Diego, CA, USA) were cultured in RAOEC growth medium (Cell Applications) at 37°C in a 5% CO 2 humidified incubator. RAOEC at passage 6 were used. The transfected cells were used 48 h after transfection with pcDNA3.1/GPX1 using TransPass Endothelial Cell Transfection Reagent (New England Biolabs), and 70% -80% transfection efficiency was typically achieved.
For constructing pcDNA3.1/GPX1, we synthesized the polynucleotides 5′-CATCCCAAGCTTACAGTG CTTGTTCGGGGCGCTCGGCTGGCTTCTTGGA CAATTGCGCCATGTGTGCTGCTCGGCTAGCTAG TAGTAGC-3′ and its complementary strand. This synthesized DNA fragment contained two restriction enzyme sites, HindIII and NheI. The nucleotides between the two sites are the same sequence, corresponding to 48 nucleotides of the 5′-noncoding region and 20 nucleotides of the coding region from the ATG start codon of the published human GPX1 cDNA sequence (21) . In addition, there is a NheI site at nucleotide 20 from the ATG start codon in the GPX1 cDNA. The two 89-mer polynucleotide strands were annealed, and then this DNA fragment was cut using HindIII and NheI. GPX1 cDNA was cut using NheI and BamHI. The plasmid (pcDNA3.1) was cut with HindIII and BamHI. Finally, the three enzyme-digested fragments were ligated by T4 DNA ligase. The construction was confirmed by DNA sequencing.
Hyperinsulinemic-euglycemic clamp experiment
The hyperinsulinemic-euglycemic clamp experiment, the most widely used experimental procedure for the determination of insulin sensitivity, was performed as described previously (15) . Briefly, food was withdrawn 12 h before the experiment. The rats were then anesthetized with amobarbital sodium (25 mg/kg, i.p.) and cannulated in the jugular vein for infusion of glucose and insulin (dual cannula) and in the carotid artery for sampling. All cannulae were tunneled subcutaneously and encased in silastic tubing (0.08 cm) sutured to the skin. After infusion of glucose (10%) and insulin (1 IU/mL) through dual cannula with constant velocity, the blood glucose levels were measured. To keep the blood sugar in a relatively steady state, the rate of glucose infusion was continuously adjusted. Glucose injection rate (GIR) was measured under homeostasis 6 times during the experiment.
Insulin sensitivity assay by short insulin tolerance test using capillary blood glucose
Insulin sensitivity assay was performed as described previously (15) . Rats were weighed and placed into mouse cage after fasting overnight. Blood glucose was detected 6 times after i.p. administration of insulin (0.05 U/kg) using a blood sugar detector. The abscissa indicates time and the ordinate expresses the natural logarithm of blood sugar. The regression coefficient (r) or slope was determined by linear regression and K ITT was calculated by multiplying r by 100. The K-value indicates insulin sensitivity with smaller K-values for lower sensitivities.
Western blotting
Immunoblotting was performed in thoracic aorta and soleus to detect GPX1, p-eNOS, and eNOS protein levels as previously described (22) . Briefly, the aorta and soleus of each rat were individually homogenized in 5 volumes of homogenization buffer containing 1 mM EDTA, 1 mM EGTA, 50 mM Tris-HCl (pH 7.5), 1 mM dithiothreitol (DTT), 5 mM sodium pyrophosphate, 10% glycerol, 1% Triton X-100, 0.1 mg/mL phenylmethylsulfonyl fluoride (PMSF), 50 mM NaF, and a protease inhibitor cocktail (Sigma). Homogenates were then centrifuged (10,000 × g) for 15 min at 4°C. Protein concentrations were assayed with the bicinchoninic acid (BCA) method (Pierce Biotechnology, Rockford, IL, USA), using bovine serum albumin (BSA) as the standard. Protein samples (45 mg) from aorta and soleus tissues or whole cell lysates of RAOECs were separated on 6% -12% Tris-glycine gels and transferred to nitrocellulose membranes (Invitrogen). Membranes were then probed with antibodies against eNOS, phospho-eNOS, GPX1, actin, and MCP-1 followed by incubation with horseradish peroxidase-associated secondary antibodies before signals were visualized with the enhanced chemiluminescence detection system (Amersham Bioscience, Piscataway, NJ, USA).
eNOS activity assay
Endothelial NO synthase activity was measured as previously described (23, 24) . Briefly, the thoracic aortas (35 mm) were isolated and cut longitudinally. The endothelial cells were removed using a scraper and then sonicated in a buffer (250 mM sucrose, 1 mM DTT, 50 mM Tris, 20 mM HEPES, 10 mg/mL leupeptin, 5 mg/mL aprotinin, 10 mg/mL soybean trypsin inhibitor, and 0.1 mM PMSF). After centrifugation and determination of protein concentration (BCA method), aliquots of 40 mL were added to 80 mL of a reaction buffer containing 1 mM NADPH, 50 mM Tris, 20 mM HEPES, 0.1 mM tetrahydrobiopterin, 50 mM FMN, 1 mM DTT, 50 mM FAD, and 8 mCi/mL l-2,3-[ /calmodulin. The reaction was terminated by adding 1 mL of ice-cold distilled water. The mixture applied to an anion-exchange chromato graphy column containing Dowex AG 50W-X8 resin saturated with 50 mM Tris (2 mL) and 100 mM l-citrulline (50 mL), 20 mM HEPES buffer (pH 7.4) and eluted with 2 mL of distilled water. Concentration of the eluted l-[ 
Measurement of reactive oxygen species (ROS)
To detect the intracellular ROS generation, the fluorescent indicator 2′,7′-dihydrodichlorofluorescin diacetate (DCFDA, Molecular Probes, Eugene, OR, USA) was employed in endothelial cells (ECs) as described previously (25) . The confluent ECs in 96-well plates were preincubated with DCFDA (10 mM) for 30 min. Cells were washed three times in PBS, followed by measurement of fluorescence intensity at 485-nm excitation and 538-nm emission spectra using a microplate reader (Wallac 1420 VICTOR2; PerkinElmer, Waltham, MA, USA). The ROS formation in rat aorta and skeletal muscle (soleus) was determined as described previously (26, 27) . These procedures were performed in dark conditions to avoid photo-oxidation. Data are presented as the fold increase in DCF fluorescence compared with that in unstimulated cells, aorta, or muscle tissues.
Measurement of NO production
NO quantification was performed using the NOspecific fluorescent dye 4,5-diaminofluorescein diacetate (DAF-2 DA; Cayman Chemical, Ann Arbor, MI, USA) as described previously (28) . Briefly, ECs were seeded in 96 well-plates (3 × 10 4 cells/well), cultured for 24 h, and treated with 0.3 mM palmitate for 24 h in the presence or absence of GPX1 transfection, PEG-catalase (500 U/mL), or tranilast (200 mM). The cells were then serum-starved for 1 h in phenol red-free EBM supplemented with l-arginine (100 mM). Cells were then loaded with DAF-2DA (5 mM final concentration) for 10 min at 37°C. After being loaded with DAF-2 DA, cells were washed three times with EBM at 37°C and kept in the dark. The fluorescence intensity was measured with a multilabel plate reader (485 nm excitation, 535 nm emission). The fluorescence intensities were corrected by subtracting the non-specific fluorescence in wells without addition of DAF-2 DA and in wells without cells. The endothelial NO production in aortas was measured by electron spin resonance (ESR) as described previously (29) . Results are expressed as relative intensity units per milligram of tissue.
Reverse transcription polymerase chain reaction (RT-PCR) and real-time quantitative RT-PCR (qRT-PCR)
Total RNA from aortic segments (approximately 25 mg) or RAOECs was extracted using TRIzol reagent (Sigma), and RT-PCR was performed using the SuperScript One-Step RT-PCR kit (Invitrogen) according to manufacturer's protocol to determine GPX1 mRNA expression. qRT-PCR using a pair of hybridization probes to detect the target and the reference amplicon of the aortic or RAOEC RNA extract was used to quantify GPX1 mRNA expression. GAPDH mRNA, the expression of which is independent of dietary fat composition (30) , was used as a housekeeping control to correct for sample inhomogeneity. qRT-PCR was performed in a 96 well format in the Bio-Rad CFX96 Real Time System (Bio-Rad Laboratories, Hercules, CA, USA). In each reaction, 150 -300 ng RNA from the aorta was added and the MgCl 2 concentration was adjusted to 6 mM. The rat GPX1 primers were 5′-CATCAGGAGAATGGC AAGAA-3′ and 5′-TCACCTCGCACTTCTCAAAC-3′. The rat GAPDH primers were 5′-TCCCTCCAGATT GTCAGCAA-3′ and 5′-AGATCCACAACGGATACA TT-3′. After 30 min at 55°C for transcription, there were 45 rounds of amplification at 90°C (5 s), 64°C (15 s), and 72°C (15 s). Melting curves were used to validate product specificity. All samples were amplified in triplicate from the same total RNA preparation and the mean value was used for further analysis.
Statistical analyses
All data are given as the mean ± S.D.; n is the number of rats. Western blot and q-RT-PCR analysis data are expressed relative to the control, assigning a value of 1 to the control group baseline mean. Data were analyzed using Student's t-test or 2-way ANOVA as appropriate. A P-value of < 0.05 was taken as a significant difference between data sets. Table 1 shows that treatment with tranilast during chronic ingestion for 4 weeks of the HFE significantly attenuated the increases in final body weight and drinking amount when compared with the untreated HFE-fed rats, although they remained significantly heavier than the controls. In addition, tranilast significantly blocked the increases in visceral fat induced by HFE. Further- , n = 9. *P < 0.05, compared with the control group; # P < 0.05, compared with the HFE group. more, tranilast treatment completely prevented the increase elicited by the HFE diet in plasma insulin levels; a moderate but significant reduction in glucose plasma levels was noted in tranilast-treated HFE-fed rats when compared to the untreated HFE-fed rats ( Fig. 1: A and  B) . The higher plasma triglycerides and NEFA levels noted in HFE-fed rats, when compared to the control rats, were not altered by the treatment with tranilast ( Fig. 1: C and D) . Table 1 and Fig. 1 indicate that treatment with tranilast had no significant effect on various biological parameters measured in the non-HFE-treated groups.
Results
Body mass and metabolic changes
Tranilast reduces high-fat diet-induced insulin resistance
Our hyperinsulinemic-euglycemic clamp test indicated that the GIR for keeping homeostasis of blood glucose in rats of HFE group was decreased versus the control ( Fig. 2A) , suggesting that the HFE diet induced insulin resistance in rats. Tranilast treatment significantly restored GIR in HFE-fed rats. Furthermore, the results of th short insulin tolerance test using capillary blood glucose revealed that K ITT decreased to 4.1 ± 0.7 in rats treated with fat emulsion (i.g., 4 w) (P < 0.05, n = 8). Tranilast treatment significantly blocked this decrease in HFE-fed rats (Fig. 2B) . Together, our results demonstrate that tranilast reduces high-fat diet-induced insulin resistance in Wistar rats.
Tranilast enhances endothelium-dependent vasorelaxation in HFE-fed rat aortas
To determine whether tranilast treatment modulates the endothelial function in the dietary model of insulin resistance, we investigated the vascular response to endothelium-dependent and -independent vasodilators and the influence of endothelium on the response to vasoconstrictors in vessel rings. Using this method, we found that the vasoconstrictor responses to phenylephrine were not significantly altered by the HFE diet, nor by treatment with tranilast (Fig. 3A) . However, the endothelium-dependent relaxation induced by increasing concentrations of carbachol was significantly lower in aortic rings from HFE-fed rats than those from the control group (Fig. 3B) . Tranilast treatment in HFE-fed rats completely prevented the reduction in the vasorelaxing responses to carbachol. However, tranilast treatment had no effect on the vascular response to carbachol in the control rats. The endothelium-independent vasorelaxation to SNP revealed that vascular smooth muscles from the 4 groups of rats had a similar ability to relax (Fig. 3C) . These results suggest that tranilast alleviates endothelial dysfunction (i.e., decreased endotheliumdependent vasorelaxation) in HFE-fed rats.
Tranilast prevents oxidative damage and inflammation via protecting GPX1 in HFE-fed rats
To investigate the mechanism by which tranilast ameliorates endothelial dysfunction and insulin resistance induced by high-fat diet, we measured the levels of glutathione peroxidase-1 (GPX1) and ROS formation. GPX1 is a crucial antioxidant enzyme, the deficiency of which promotes atherogenesis (31) . As indicated in Fig. 4A , tranilast treatment was found to prevent the reduction in GPX1 mRNA expression seen in aortas isolated from untreated HFE-fed rats. More importantly, tranilast treatment during chronic ingestion of the HFE diet significantly prevented the decreases in GPX1 protein expression and increase in H 2 O 2 formation in both vascular and skeletal muscle tissues (Fig. 4: B and C) . Indeed, these respective levels of expression noted in the thoracic aorta and soleus isolated from tranilasttreated normal-diet rats were not different from those measured in control rats. Since ROS mediates the inflammatory pathways that participate in the development and progression of atherosclerosis (32), we examined aortic monocyte chemoattractant peptide-1 (MCP-1), which is one of the earliest molecular markers of vascular inflammation in atherogenesis (33) . MCP-1 levels were significantly increased in the aortas of HFE-fed rats compared with control rats and this increase was dramatically inhibited by tranilast treatment (Fig. 4D) . Our results suggest that tranilast shows a significant anti-oxidant and anti-inflammatory effect in vivo.
Tranilast blocks HFE-induced decrease in eNOS activity and NO bioavailability
The endothelial isoform of NOS (eNOS)-derived NO bioactivity is the most important for the maintenance of vascular homeostasis (34) . To further elucidate the mechanism by which tranilast prevents endothelial dysfunction induced by HFE, we investigated eNOS phosphorylation, activity, and NO production in the thoracic aorta isolated from overnight-fasted control, tranilast-treated, HFE-fed, and tranilast-treated HFE-fed Wistar rats. As shown in Fig. 5 , eNOS phosphorylation at Ser1177, which represents an important mechanism of eNOS activation; eNOS activity; and NO production were significantly lower in the thoracic aorta from HFEfed rats than from control rats. Tranilast treatment significantly prevented the reduction in eNOS activity and NO release elicited by the HFE diet. Indeed, the eNOS protein expressions were not different between these 4 groups. Our results suggest that tranilast protects endothelial function probably via blocking HFE-induced decrease in eNOS activity and NO bioavailability.
Tranilast protects eNOS activity and NO bioavailability against FFA-induced oxidative damage via preserving GPX1 expression
To further substantiate the molecular mechanism underlying the endothelial protecting effect of tranilast, we employed in vitro studies by using cultured RAOECs treated with palmitic acid (PA), the most abundant fatty acids in western diets, and tranilast. First, to investigate the role of GPX1 in PA-induced damage in ECs, we Fig. 3 . Cumulative dose-response curves to phenylephrine (A) in isolated aortic rings from Wistar rats (n = 15). Developed tensions are expressed in grams, and values are the mean ± S.D. Data were analyzed using a 2-way repeated-measures ANOVA, and post-hoc analyses were performed (Fisher's exact test) when appropriate. Cumulative dose-response curves to carbachol (B) or sodium nitroprusside (SNP) (C) in isolated aortic rings from Wistar rats (n = 15). The aortic rings were precontracted with phenylephrine. Relaxations are expressed as percent changes from the initial precontraction induced by phenylephrine, and values are the mean ± S.D. Data were analyzed using a 2-way repeated measures ANOVA, and post-hoc analyses were performed (Fisher's exact test) when appropriate; *P < 0.05, for the HFE-fed compared with the control group; # P < 0.05, for the HFE-fed tranilast-treated group compared with the HFE-fed group.
treated RAOECs with 0.3 mM PA for various times and assessed GPX1 protein and mRNA levels. In addition, the protein and phosphorylation levels of eNOS, were also detected. As shown in Fig. 6, A and B, prolonged incubation (12 -48 h) of RAOECs with 0.3 mM PA caused significant decreases in GPX1 protein and mRNA levels as well as phosphorylated eNOS levels. To ensure reduced GPX1 levels indeed play a role in PA-induced eNOS inhibition, we showed that GPX1 overexpression significantly rescued PA-induced phosphoeNOS reduction and ROS formation (Fig. 6: C and D) . In addition, to further substantiate PA-induced eNOS inhibition and compromised NO production were attributed to ROS accumulation, ECs were treated with PA for 24 h in the presence of PEG-catalase, a potent H 2 O 2 scavenger. As shown in Fig. 6 , C and D, PEG- 5 . Effects of a high-fat emulsion diet (HFE) and tranilast treatment on p-eNOS levels, eNOS expression and activity, and NO production in the vascular tissues. A: Representative western blot (lower panel) and group data (upper panel) depicting peNOS levels in the thoracic aorta isolated from overnight-fasted control, tranilast-treated, HFE-fed, and tranilast-treated HFE-fed (n = 8) Wistar rats. B: Activity levels of eNOS, expressed as cpm per milligram of protein in aortic endothelial lining from control, tranilast-treated, HFE-fed, and tranilast-treated HFE-fed (n = 8) Wistar rats. C: NO production by aortic segments from rats fed a HFE with or without tranilast treatment evaluated by ESR of the DETC-Fe-NO complex (n = 6). Data are expressed as the mean ± S.D. and were analyzed using unpaired Student's t-tests; *P < 0.05, compared with the control rats; # P < 0.05, compared with the HFE-fed rats.
catalase significantly blocked PA inhibition of eNOS and NO production. More importantly, tranilast preserved GPX1 expression in PA-treated ECs with a consequent decreased ROS formation and increased eNOS phosphorylation and NO production. Taken together, in the present study, we demonstrate that tranilast protects eNOS activity and NO bioavailability against FFAinduced oxidative damage via preserving antioxidant enzyme GPX1 expression in endothelial cells (Fig. 6E ).
Discussion
We demonstrate that several alterations induced by a HFE diet in rats can be attenuated or prevented by . GPX1 protein levels were confirmed by immunoblotting. The cells lysates were analyzed by immunoblotting using anti-GPX1 antibody, anti-phospho-serine 1177 eNOS polyclonal antibody (p-eNOS), or eNOS antibody. D: H2O2 formation and NO production were measured as described in "Materials and Methods". *P < 0.05 vs. their corresponding controls; # P < 0.05 vs. PA-treated group. E: The proposed mechanism by which tranilast inhibits the oxidative damage and pro-inflammatory effects of FFA. FFA suppresses GPX1 protein expression, which is critical for its activity, and consequent induction of ROS with resultant eNOS inhibition, decreased NO bioavailability, and inflammation in the endothelium. Tranilast suppresses ROS formation by rescuing GPX1 expression. Overall, we consider tranilast protects antioxidant enzymes such as GPX1 to suppress endothelial oxidative damage. tranilast treatment. First, a significant reduction in body mass gain and visceral fat accretion were noted, and a marked improvement in insulin sensitivity was observed in tranilast-treated HFE-fed rats. Secondly, tranilast treatment prevented the increases in plasma glucose and insulin levels, as well as the alterations in vascular responses to the endothelium-dependent vasodilator carbachol. These improvements were associated with higher levels of GPX1 and marked reductions in H 2 O 2 formation and MCP-1 expression (an inflammation marker) in vascular endothelium and skeletal muscle. These results suggest that both oxidative stress and inflammation processes causing detrimental effects on vascular endothelium and skeletal muscle could play a pivotal role in the early vascular and metabolic changes induced by consumption of an obesity-inducing diet. This is consistent with previous reports indicating that macronutrient intake can induce oxidative stress and inflammatory responses that could damage vascular integrity over time and cause endothelial dysfunction (35 -37) . Our results suggest that an early intervention aiming to control one of these initiating factors, oxidative stress, might attenuate, or even prevent the pathophysiological processes leading to the development of chronic diseases. Intriguingly, tranilast treatment did not appear to have any significant effect on the cardiovascular responses or the other metabolic parameters measured in control rats.
Four weeks of tranilast treatment prevented the deleterious effects of HFE diet on vascular responses. The vascular responses noted in tranilast-treated HFE-fed rats were not different from those seen in the control group. Tranilast treatment was found to prevent the reduction in eNOS phosphorylation and activity and NO production in vascular tissues of HFE-fed rats, suggesting a prominent role for ROS in the reduced eNOS activity and NO bioavailability. These findings are further supported by the demonstration here that lowering oxidant stress in HFE-fed rats improves the vasorelaxing responses of carbachol. In contrast, the endotheliumindependent vasorelaxations to SNP were similar in the 4 experimental groups, indicating that the ability of vascular smooth muscle to relax, in response to exogenous NO, was not altered by the HFE diet or the treatment with tranilast. In addition, in vitro studies demonstrated that GPX1 overexpression or PEG-catalase, a potent H 2 O 2 scavenger, significantly rescued FFAinduced ROS formation and phospho-eNOS reduction (Fig. 6: C and D) . More importantly, tranilast preserved GPX1 expression in FFA-treated ECs with a consequent decreased ROS formation and increased eNOS phosphorylation and NO production. Therefore, the mechanisms underlying the ability of tranilast to prevent endothelial dysfunction could involve an inhibition in ROS production, as well as an enhanced NO bioactivity, both leading to an improvement in endothelium-dependant vascular responses. Indeed, H 2 O 2 oxidizes tetrahydrobiopterin (BH4) to dihydrobiopterin, which is an ineffective cofactor for NOS-dependent NO generation (38) , and downregulates tetrahydrobiopterin (BH4) salvage enzyme dihydrofolate reductase (DHFR) and DHFR/ eNOS ratio, leading to BH4 deficiency and subsequently uncoupling of eNOS (39) . Thus, tranilast treatment, via inhibiting H 2 O 2 accumulation, might have enhanced eNOS activity and NO production by preventing the uncoupling of vascular eNOS and restoring its synthesis of NO rather than O2 − . The whole-body insulin sensitivity index measured in tranilast-treated HFE-fed rats was significantly higher than that measured in the untreated HFE-fed group. More and more evidence has suggested that ROS, including H 2 O 2 , functions as signaling molecules involved in the regulation of cellular function. The increased production of these reactive molecules or an impaired capacity for their elimination, also termed oxidative stress, result in abnormal changes in intracellular signaling and lead to chronic inflammation and insulin resistance. Previous studies suggest that oxidative stress and inflammation have been linked to insulin resistance in vivo (40) . Skeletal muscle is the predominant site of insulin-mediated glucose uptake in the postprandial state. Under euglycemic hyperinsulinemic conditions, approximately 80% of glucose uptake occurs in skeletal muscle (41) . Previous studies suggest that the defect in insulin action in the skeletal muscle is the main cause of type 2 diabetes (42 -44) . In the present study, given that tranilast preserves antioxidant enzyme GPX1 and suppresses oxidative stress in skeletal muscle (Fig. 4) , we believe that tranilast, via decreasing oxidative stress in skeletal muscle, alleviates whole-body insulin resistance in high-fat diet-fed rats. On the other hand, in agreement with previous studies showing evidence of an NO-dependent mechanism that modulates peripheral insulin action (45, 46) , we cannot exclude the possibility that, besides the antioxidative effect, the improvement in insulin sensitivity noted in tranilast-treated rats involves a mechanism that is dependent on tranilast-induced protective effect on NO bioavailability. In other words, the preventative effect of tranilast on ROS production and NO breakdown may have attenuated insulin resistance by improving vascular responses to insulin, and possibly, by enhancing skeletal muscle microperfusion preferentially to areas with high rates of glucose uptake, as shown by others in healthy rats (47, 48) .
Tranilast reduced body mass gain and visceral fat accretion and improved insulin sensitivity in the HFE-fed rats. Two mechanisms can be used to explain weight gain loss with tranilast treatment. Insulin is a very anabolic hormone. In addition to its main physiological role of inhibiting hepatic glucose output and stimulating peripheral glucose uptake, insulin also stimulates the uptake of amino acids and has equally important roles on free fatty acid metabolism (inhibiting lipolysis and promoting lipogenesis) and protein metabolism, contributing to its overall anabolic effect (49) . Thus, increased insulin levels or insulin therapy commonly results in weight gain in both type 2 and type 1 diabetes (49) . It is well known that the strategy that can be expected to limit weight gain in the case of increased insulin or insulin therapy is to increase the patient's insulin sensitivity, which can limit the required insulin dose or decrease insulin secretion. For example, metformin is an important pharmacological intervention to increase insulin sensitivity and it has been associated with weight loss in type 2 diabetes and with insulin-sparing and cardioprotective properties (50, 51) . In addition, metformin can also be used to limit weight gain in patients beginning insulin therapy (52) . Accordingly, by improving insulin sensitivity in the HFE-fed rats, tranilast significantly decreases plasma insulin levels (Fig. 1B) . This action can explain weight gain loss with tranilast treatment. The other mechanism underlying the weight-sparing properties of tranilast may relate to oxidative stress suppression. Previous studies (53 -55) found that body mass index (BMI) and waist circumference (WC) in healthy middleaged women and obesity subjects are positively correlated with systemic oxidative stress. In contrast, parameters of antioxidant capacity are inversely related to the amount of body fat and central obesity (56, 57) . Furthermore, weight gain induced by high-fat feeding involves increased liver oxidative stress (58) . In the present study, the anti-oxidant property of tranilast may contribute to its weight-sparing effect.
Excessive consumption of high-saturated-fat food is considered among the most important environmental factors leading to an increase in the prevalence of metabolic syndrome, a leading cause of atherosclerotic cardiovascular disease (CVD). Oxidative stress, lowgrade inflammation, and endothelial dysfunction, were reported in various populations at risk for metabolic syndrome and CVD and could play a key role in the pathophysiology of the vasculopathy associated with the disease (37, 59 -61) . The present study, using a shortterm dietary intervention and a preventive treatment with tranilast in an animal model suggests that an early intervention aiming to control one of these initiating factors, oxidative stress, may prevent "the early start of a dangerous situation" (60) that could cause the development of long-term and irreversible vascular and metabolic complications. In conclusion, tranilast is worthy of further investigation as a drug that may be therapeutically useful in the inhibition of atherosclerotic development.
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